A long-standing question in retrovirus biology is how RNA genomes are distributed among virions. In the studies presented in this report, we addressed this issue by directly examining HIV-1 RNAs in virions using a modified HIV-1 genome that contained recognition sites for BglG, an antitermination protein in the Escherichia coli bgl operon, which was coexpressed with a fragment of BglG RNA binding protein fused to a fluorescent protein. Our results demonstrate that the majority of virions (>90%) contain viral RNAs. We also coexpressed HIV-1 genomes containing binding sites for BglG or the bacteriophage MS2 coat protein along with 2 fluorescent protein-tagged RNA binding proteins. This method allows simultaneously labeling and discrimination of 2 different RNAs at single-RNA-detection sensitivity. Using this strategy, we obtained physical evidence that virions contain RNAs derived from different parental viruses (heterozygous virion) at ratios expected from a random distribution, and we found that this ratio can be altered by changing the dimerization sequences. Our studies of heterozygous virions also support a generally accepted but unproven assumption that most particles contain 1 dimer. This study provides answers to long-standing questions in HIV-1 biology and illustrates the power and sensitivity of the 2-RNA labeling method, which can also be adapted to analyze various issues of RNA biogenesis including the detection of different RNAs in live cell imaging.
L
ike all known retroviruses, HIV-1 virions contain dimeric full-length viral RNAs (1) . Each copy of RNA contains the full genetic information needed for viral replication in host cells. These RNAs serve as templates for the synthesis of viral DNA carried out by the virally encoded reverse transcriptase. Viral DNA is then integrated into the host cell genome to become a provirus. Progeny virions, which are formed by association of genomes transcribed from the provirus with viral proteins including uncleaved structural protein (Gag) precursors, followed by budding from the cell and processing of the proteins to yield mature virions, are characterized by a somewhat irregular conical core shell composed of the CA (p24) protein. Virions derived from cells containing more than 1 provirus can contain 2 copies of RNA from the same provirus (homozygous) or RNAs derived from different proviruses (heterozygous). Because portions of both copies of RNA can be used as templates for DNA synthesis, a recombinant can be formed during reverse transcription. When the 2 copies of RNA encode different genetic information, a recombinant with a phenotype different from either parent can be generated (1) .
A long standing question in HIV-1 and retrovirus biology is the content of the viral genetic material in the particles. Although it is known that viral RNAs are enriched within virions, HIV-1, like most retroviruses also packages other RNAs, including transcripts from the producer cell genome that lack known packaging signals (2) . Furthermore, full-length viral genomic RNA is not required for assembly, budding, and release of virus like particles (3) . Most previous studies examined RNA content from viral populations; comparison of the RNA content of mutant particles with that of wild-type particles was used to define the level of deficiency in RNA packaging (4) . In these studies, the proportion of particles in the ''wild-type'' population that actually contained the viral RNA genome was not known. Indeed, it is possible that a large portion of the HIV-1 particles may contain no viral genomes at all.
Retroviral particles lack the highly regular structures found in many other viruses; hence, the numbers of Gag and RNA genome molecules in HIV-1 virions have been difficult to estimate. Previous biochemical analyses of mature HIV-1 particles estimated 1,000 to 10,000 copies of viral RNA for 1 pg of capsid (p24) or ϳ25 million capsid molecules (5) . The number of Gag molecules in immature HIV-1 particles was estimated to be 1,400 to 2,400 (6, 7) . Because each Gag polyprotein yields 1 processed, mature capsid protein; taken together, these numbers imply that each virion contains, on average, somewhere between 0.05 and 1 genomes. Based on the assumption that all viral RNAs are dimeric, we calculated that 2.5% to 50% of the particles have viral RNAs. This calculation yields a wide range in the estimated HIV-1 RNA encapsidation efficiency; additionally, with limitations on assay sensitivity, variation introduced in correlating different measurements, and gaps in our current knowledge, the accuracy of even this crude estimate is questionable.
Biochemical and electron microscopy studies revealed that the RNA genomes in HIV-1 particles are noncovalently linked dimers that can be separated into monomers upon denaturation. Although it is clear that RNAs inside the virions are dimers, whether RNA dimerization initiated in the producer cell or the viral particle is still being debated. In 1 study, monomeric RNAs were detected in samples isolated from newly harvested viruses, leading to the hypothesis that 2 monomeric RNAs were packaged (8) . Based on genetic studies, which showed that recombination rates can be regulated by the identity of the dimerization initiation signal (DIS) sequence, we hypothesized that RNA dimerization occurs before encapsidation (9, 10) . The DIS is a 6-nt palindromic sequence located at the 5Ј untranslated region (UTR) of HIV-1 RNA. Our current understanding is that 2
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RNAs initiate dimerization by forming base pairs using the palindromic sequence of DIS (11) . Previously, we showed that the genetic recombination rate of 2 HIV-1 variants decreased significantly when 1 contained the subtype B DIS (GCGCGC) and the other contained the subtype C DIS (GTGCAC) (9) . We hypothesized that HIV-1 Gag packaged dimeric RNA and imperfect base-pairing of the DIS decreased heterodimer formation, thereby lowering the frequencies of heterozygous virions and the observed recombination rate. In contrast, the recombination rates increased significantly when 1 HIV-1 variant contained GGGGGG and the other contained CCCCCC in their DIS. We hypothesized that RNAs from these 2 viruses preferred to form heterodimers, thereby elevating the frequencies of heterozygous virions and the recombination rate (10) . Additionally, how RNA genomes are distributed in virions generated from dually infected cells is another biologically important question that has not been directly answered. RNA derived from different proviruses may copackage together efficiently or there may be biases to preferentially copackage RNA from the same virus. Results from genetic assays can provide insights to RNA copackaging; however, these approaches are not without caveats as the results are indirect.
Although most studies have been performed using populations of viruses, much can be learned by analyzing individual HIV-1 particles. The coat protein of bacteriophage MS2 fused to a fluorescent protein has been used to study transport of murine leukemia virus RNAs and the dynamics of HIV-1 transcription using genomes modified to contain the specific binding site (12, 13) . In this report, we developed an analogous system using the Escerichia coli BglG RNA-binding protein fused to a fluorescent protein to label virion RNA at single-RNAdetection sensitivity. We investigated the RNA content of HIV-1 particles using genomes containing MS2 or Bgl recognition sites and found that Ͼ90% of HIV-1 particles contain genome RNA. By combining the MS2 and the Bgl labeling methods, heterozygous particles were detected and were shown to form at a frequency similar to that predicted from random RNA assortment. The proportions of heterozygous virions can be altered by changing the identity of the DIS sequences, providing direct support for the model that HIV-1 Gag packages dimeric RNA and not 2 monomeric RNA molecules. These studies provide answers to several long standing questions in HIV-1 biology as well as an approach to study retrovirus replication mechanisms.
Results
Labeling of Specific RNA Reveals that Most HIV-1 Particles Contain Viral Genomic RNA. We developed an RNA-labeling system based on a regulatory element of the E. coli bgl operon, in which the antitermination protein, BglG, binds to a specific stem-loop (BglSL; Fig. 1A ) to prevent early termination of RNA transcripts (14) . For this purpose, 18 copies of the BglG stem-loops were inserted into the pol gene of a modified HIV-1 genome to detect full-length RNA, and the N-terminal portion of the BglG antitermination protein gene, encoding the RNA binding domain, was fused with the red fluorescent protein gene, mCherry ( Fig. 1 B and C) . To verify that the RNA signals detected were in viral particles, we also tagged the HIV-1 gag gene, which encodes the structural Gag protein, with cerulean fluorescent protein gene (cefp). When coexpressed with untagged Gag, such fusion proteins have been shown to coassemble into pseudovirions, which have normal morphology indistinguishable from particles generated from Gag alone and which bud from the cell surface with efficiency equivalent to wild-type virions (15, 16) .
We used this system to examine the proportion of HIV-1 particles that contain HIV-1 RNA. Constructs expressing MS2 or BglG RNA-binding protein fusions were cotransfected with plasmids containing modified HIV-1 genomes; in each experiment, we used a pair of HIV-1 genomes that were identical, except that 1 encoded the wild-type Gag protein and the other encoded the GagCeFP fusion protein. The resulting viruses were harvested and examined by fluorescence microscopy; representative images are shown in Fig. 2 . Because HIV-1 Gag was tagged with CeFP, the channel detecting CeFP signals identified all viral particles (Fig. 2 Left) . When the HIV-1 genome containing the BglG stem-loops was coexpressed with the BglG-mCherry fusion protein, abundant mCherry signals were detected ( Fig. 2 A Middle). To assess the relationship between the RNA (mCherry) and the viral particles (CeFP), we merged the images detected in the 2 channels and shifted the mCherry image 4 pixels to the right ( Fig. 2 A Right) . As shown in this image, most of the mCherry and CeFP signals overlapped, indicating that the RNA signals detected were indeed within the viral particles. Analyses of thousands of particles from different experiments revealed that the large majority of virus particles (Ͼ93%) contain HIV-1 RNAs (Table 1 , line 1). To ensure that the mCherry signals were the result of specific detection of BglG RNA stem-loops in the viral RNA, we performed experiments with a similar HIV-1 genome that contained 24 copies of stem-loops from bacteriophage MS2 in the pol gene (17) (GagCeFP-MSSL) instead of the BglG stem-loops. As shown in a representative image (Fig. 2B  Right) , we did not detect mCherry signals when the HIV-1 genome did not contain BglG stem-loops, indicating that the positive mCherry signals were due to specific interactions between the BglG protein and the BglG stem-loops. These results also showed that the BglG protein did not interact with MS2 RNA stem-loops with high affinity, as we did not observe significant signals with the HIV-1 genome containing the 24 copies of MS2 stem-loops (Table 1 , line 2).
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To further examine possible cross-reactivity of the BglG system with the existing MS2 system (17, 18), we also cotransfected modified HIV-1 genomes containing BglG stem-loops or MS2 stem-loops with MS2-YFP, a plasmid expressing the MS2 coat protein fused with the yellow fluorescent protein gene (yfp). Representative results are shown in Fig. 2 C and D. Similar to the results obtained with the BglG system, we found that when MS2-YFP was coexpressed with an HIV-1 genome containing MS2 stem-loops, most of the viral particles displayed YFP signals (Ϸ95%; Fig. 2C and Table 1 , line 3), confirming the observation that most HIV-1 virions contain viral RNA. The MS2 protein-RNA interaction was also specific, because particles generated by HIV-1 containing BglG RNA stem-loops did not generate significant YFP signals, indicating that the MS2 protein did not bind to BglG RNA stem-loops with high specificity (Fig. 2D and Table 1 , line 4). Therefore, the BglG and MS2 systems have distinct specificities and did not share significant cross-reactivity under our experimental conditions.
Simultaneous Detection of 2 Different RNA Species Shows Efficient Heterozygous Particle Formation with a Frequency Similar to that
Predicted from RNA Random Assortment. HIV-1 RNA genomes are present as dimers in mature virions. The copackaged RNAs can be from different proviruses (i.e., in heterozygous virions) or from the same provirus (i.e., in homozygous virions). To date, the relative frequencies of the 2 types of virions have been inferred only from indirect measurements, such as recombination frequency (19) (20) (21) . To address this issue directly, we used the BglG and MS2 systems to examine RNA copackaged in viral particles at single-RNA-detection sensitivity by coexpressing HIV-1 genomes containing either BglG or MS2 stem-loops along with plasmids that express RNA-binding proteins. Representative results are shown in Fig. 3A . As before, Gag was tagged with CeFP, MS2 coat protein was tagged with YFP, and BglG protein was tagged with mCherry. Thus, the channel detecting CeFP fluorescence identified viral particles, whereas the channel detecting mCherry or YFP fluorescence identified RNA containing BglG or MS2 stem-loops, respectively. For comparison, we also show images with all of the signals merged (Fig. 3 , merged and shifted): The image from the YFP channel was shifted 4 pixels to the right, and the image from the mCherry channel was shifted 8 pixels to the right. For clarity, we have marked 6 CeFP-positive virions (Fig. 3A, 1 to 6 RNA with BglG stem-loops, i.e., were heterozygous virions. We analyzed Ϸ5,000 particles and found that heterozygous particles comprised Ϸ45% of the viral population (Table 1, line 5) or Ϸ48% of the particles with RNA signals. RNAs containing MS2 or BglG stem-loops were incorporated into particles at similar levels. If the copackaging of these 2 RNA species was random, we expected 50% of the virions to be heterozygous (analogous to a Hardy-Weinberg equilibrium), which is very close to the observed Ϸ45% frequency of heterozygous particles detected in our system. This finding provides physical evidence of HIV-1 particles containing 2 different RNAs as well as of efficient copackaging of RNAs derived from different HIV-1 genomes.
Base-Pairing of the DIS Sequences Is a Critical
Step for Selecting Copackaged Viral RNA and Determines the Proportion of Heterozygous Particles in the Virus Population. Based on previous recombination studies, we hypothesized that the mismatch between the DIS sequences from subtype B and subtype C viruses decreased the base-pairing of these 2 RNAs and reduced the formation of heterozygous particles (9) . RNA containing GGGGGG and RNA containing CCCCCC in the DIS were inferred to form heterodimers more efficiently than homodimers, thereby increasing the proportion of heterozygous virions in the viral population (10) . Using the aforementioned RNA-labeling system, we examined whether similar alterations to the DIS sequences could also change the copackaging of HIV-1 genomes and affect the proportion of heterozygous virions in the viral population.
For this purpose, we examined virions from cells expressing 1 HIV-1 genome containing the subtype B DIS (GCGCGC) and MS2 stem-loops and another HIV-1 genome containing the subtype C DIS (GTGCAC) and BglG stem-loops. Cells were cotransfected with these vectors along with plasmids expressing the RNA-binding proteins; the resulting particles were harvested and examined by fluorescence microscopy. As shown in Fig. 3B and Table 1 , line 6, we observed many virus particles with YFP or mCherry signals; however, the percentage of particles containing both YFP and mCherry signals was only 20% of the viral population, approximately half of the value obtained from viruses with 2 subtype B DIS sequences. We also examined particles generated from cotransfection of a viral genome containing GGGGGG in the DIS and MS2 stem-loops and a viral genome containing CCCCCC in the DIS and BglG stem-loops ( Fig. 3C and Table 1 , line 7). We observed that indeed most of the particles had both YFP and mCherry. These results provide physical evidence that the proportion of HIV-1 heterozygous virions can be altered by changing the DIS sequence. They also verify the accuracy and sensitivity of the dual-RNA-labeling system. In all experiments presented in Table 1 , 91%-95% of the viral particles had RNA signals, including those that had mostly heterozygous virions, and hence the detection of RNA was at the single-RNA-molecule level. These unique findings demonstrate the simultaneous detection of 2 RNA species, each at single-RNA-molecule sensitivity. These results also illustrate the feasibility of using the dual-labeling system to study various experimental questions on RNA biogenesis.
Discussion
Our understanding of viral replication has been shaped by analyzing populations of viruses using various physical and genetic techniques. Studies at the single-virion level can provide insights that these traditional approaches cannot reveal. Using either the MS2 or the BglG-based RNA-labeling system, we found that Ͼ93% of the HIV-1 particles contained full-length viral genomes, as spliced HIV-1 RNA lacked RNA binding protein recognition sites inserted in the pol gene. Our results provide quantification of the percentage of retroviral particles that contains the viral RNA genome and show that HIV-1 RNA encapsidation is a remarkably efficient process, Ͼ90% in all cases. This result was unexpected, given the previous rough estimates of the genome RNA content of virions and the high efficiency of virion formation that occurs in the absence of genome RNA. A recent study indicated that, under optimal conditions, 1 in 8 to 1 in 20 virions can initiate an infection event, despite earlier estimates that a large portion of HIV-1 particles is noninfectious (22) . Our results indicate that most of viral particles have full-length viral RNAs and a low efficiency of genomic RNA packaging is not a major contributor to the formation of noninfectious virions. Many aspects of the molecular mechanisms of HIV-1 RNA packaging remain unknown; for example, does HIV-1 Gag recruit monomeric or dimeric RNA? How are RNAs derived from different proviruses sorted into virions? Lastly, what is the limit of RNA packaging capacity? To address these issues, we examined the frequency of heterozygous and homozygous virions in the viral population. This analysis was made possible by lack of cross-reactivity between the BglG and MS2 systems, allowing these 2 binding proteins to be used simultaneously to detect 2 RNA species. Previously, our understanding of heterozygous virion formation was mainly inferred from genetic studies examining recombination. Here, we provide direct physical evidence that 1 particle contains RNA derived from 2 HIV-1 genomes and that genetically distinct RNAs segregate according to a random distribution. Our study also demonstrates that changing the DIS sequences affects the proportion of the heterozygous virions, which is in general agreement with our genetic recombination studies (9, 10) . Compared with 2 subtype B viruses with GCGCGC in their DIS sequences, when 1 subtype B virus had GCGCGC in its DIS and 1 virus had GTGCAC in its DIS, we observed decrease in both recombination rate (4-fold) and proportion of heterozygous virions (2.3-fold). Similarly, when 1 virus had GGGGGG in its DIS and 1 virus had CCCCCC in its DIS, we observed increase in recombination rate (1.9-fold) and the proportion of heterozygous virions (1.6-fold). Therefore, results from the 2 systems lead to the same conclusions. It is possible that virions containing 2 RNAs with imperfectly matched DIS sequences have a slightly lower infectivity *RNA labeling efficiency is the sum of the 3 previous columns, i.e., %CeFP ϩ ϩ YFP ϩ , %CeFP ϩ ϩ mCherry ϩ , and %CeFP ϩ ϩYFP ϩ ϩ mCherry ϩ .
causing an elevated change in the recombination assay. Because altering DIS sequences can change the proportion of heterozygous virions, these results also imply that HIV-1 Gag mainly packages a dimeric RNA rather than 2 monomeric RNAs. If 2 unassociated monomeric RNAs were packaged into virions, changing a few nucleotides in the DIS sequences would not have affected the frequency of heterozygous virions. Interestingly, we still observed heterozygous virions when the 2 HIV-1 genomes contained imperfectly matched DIS sequences; hence it remains possible that, at a low frequency, HIV-1 Gag packages 2 monomers. Together, these results also imply that association of 2 RNA molecules to form dimers must occur at a location in the cell that is well separated from the site of RNA synthesis. Although it is known that HIV-1 RNAs exist as dimers in particles, there is no direct evidence indicating how many dimers are packaged into a particle. A generally accepted but unproven assumption is that 1 dimer is encapsidated in each virion. Our heterozygous particle analyses also provide evidence to support this view. We observed that 45% of the particles had RNAs from 2 parental viruses; considering that Ϸ94% of the particles had RNA signals, Ϸ48% of the particles with detectable RNA signals were heterozygous particles. This value is very close to the 50% frequency predicted from random assortment. If HIV-1 packages more than 1 dimer, we would have observed far more particles with 2 different RNA signals. For example, if 2 dimers were packaged, we would have observed that 87.5% of the virions had both mCherry and YFP signals (assuming random RNA assortment). A mathematically plausible alternative explanation is that all RNAs form homodimers and 2 dimers are packaged into a particle by random assortment; this scenario will also predict 50% particles with mCherry and YFP signals. However, if RNA packaging indeed operates by such mechanism, changing the DIS sequences should not be able to alter the frequency of heterozygous virions. Therefore, our results strongly support the view that most virions package 1 dimer.
The experiments described in this report used 2 different labeling systems to analyze RNA in viral particles. Furthermore, we have demonstrated that the detection sensitivity for each label is at single-RNA-molecule sensitivity. This combination of systems can be applied to study various experimental questions related to RNA biogenesis and transport. Using a second RNA labeling system (BglG) that does not have cross-reactivity to the previously established RNA labeling system (MS2) allows simultaneous detection of 2 RNA species and comparison of their behavior in the same cell or the same experiment. The ability to perform such a comparative study significantly increases the tools available for imaging analyses to study biological questions.
Despite the worldwide epidemic, a preventive vaccine against HIV-1 is not likely to be available in the near future, and generation and transmission of drug-resistant viruses threaten the effectiveness of existing antiviral drug treatments. A major reason for the difficulty of generating a preventive vaccine and effective treatments is the high genetic diversity of HIV-1 populations (23) . Among the key components HIV-1 uses to generate high genetic diversity are the high viral load and frequent recombination. By directly examining the RNA content of the viral particles, we have shown that RNA packaging during particle assembly is a surprisingly efficient process and that heterozygous viruses are generated efficiently, providing the basis for frequent reassortment of variant viral sequences. These results provide answers to long-standing questions in retrovirus biology and and provide insights into the mechanisms that generate high genetic variation of the HIV-1 population.
Methods
Plasmid Construction. Plasmids pSL-MS2-24X, which contained 24 copies of the MS2 stem-loop, and pMS2-YFP were a generous gift from Dr. Robert Singer (Albert Einstein Medical College). Plasmid pBgl-mCherry was constructed by replacing the MS2 coat protein gene sequence of pMS2-YFP with the E. coli sequence encoding the N-terminal RNA binding domain of BglG protein and the yfp gene with the mCherry gene. Sequences containing BglG stem-loops were generated by annealing synthesized oligomeric nucleotides and inserting the resulting DNA fragments into a plasmid. DNA fragments containing the MS2 stem-loops (24 copies) or BglG stem-loops (18 copies) were inserted into the pol gene of a modified HIV-1 genome to generate GagCeFP-MSSL or GagCeFP-BglSL. This modified NL43-based HIV-1 genome contains the following mutations: A portion of the pol gene was deleted, and portions of vif, vpr, vpu, and env were deleted to inactivate these genes. However, this genome expresses functional Gag, Tat, and Rev and contains cis-acting elements important for viral replication including the LTRs, intact 5Ј UTR, Rev-Response element, and intact 3Ј UTR. Two related constructs, Gag-MSSL and Gag-BglSL, were also generated; these constructs had the same structures as GagCeFP-MSSL and GagCeFP-BglSL, respectively, except that they did not contain the cefp gene. Mutations were introduced into the DIS regions by replacing the DNA fragment containing subtype B DIS with those containing other DIS sequences. Molecular cloning was performed using standard molecular biology techniques; the general structures of all plasmids were verified by restriction enzyme mapping, and DNA sequences generated by PCR were confirmed by DNA sequencing to avoid inadvertent mutations.
Cell Culture, Transfection, and Viral Particle Preparation. Human 293T cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% FCS, 50 U/mL penicillin, and 50 U/mL streptomycin. All cultured cells were maintained at 37°C with 5% CO2. Transient transfection was performed with FuGENE HD (Roche) according to the manufacturer's recommendation. To generate virus particles, 293T cells were cotransfected with HIV-1 DNA containing or lacking cefp; for example, GagCeFP-BglSL and Gag-BglSL at an equal weight ratio. Virus particles were harvested 24 h posttransfection, clarified through a 0.45-m-pore-size filter to remove cellular debris, and used immediately or stored at Ϫ80°C before use. Polybrene was added to the culture supernatant, which was then placed in a glass-bottom dish and incubated for 2 h at 37°C with 5% CO 2 before image acquisition.
Microscopy, Image Acquisition, and Image Analyses. Epifluorescence microscopy was performed with an inverted Nikon TE2000E2 microscope and a 100ϫ 1.40 numerical aperture oil objective, using an X-Cite 120 system (EXFO Photonic Solution) for illumination. Digital images were acquired using a Hammamatsu ORCA-ER camera and Openlab software (Improvision) with the excitation and emission filter sets 427/10 nm and 472/30 nm for CeFP, 504/12 nm and 542/27 nm for YFP, and 577/25 nm and 632/60 nm for mCherry, respectively.
Virus particle and RNA signal analysis and colocalization were performed by using custom software developed with Matlab (MathWorks) and DIPimage (TU Delft). Fluorescence-tagged particles were automatically detected in the images using intensity-based thresholding. For each image, the histogram of the intensity distribution was calculated. The most frequent pixel intensity in the image was treated as the mean value (M) of the background intensities in the image, and the standard deviation of the background intensities (S) was calculated from the intensity distribution between zero intensity and the mean background intensity. The threshold intensity used to segment the images into background and signal regions was set to M ϩ KS, where K was a constant between 5 to 7, depending on the channel used. Points in the segmented image that were intensity peaks (i.e., had greater intensity than all of their 8 nearest-neighbor pixels) were considered to represent virus particles. Particles detected in different channels were considered to be in the same virus if they were less than 3 pixels from each other. Merged images and pseudocolored images were generated using ImageJ software.
